Mutants of Pseudomonas aeruginosa strain PAKS-I which are defective in the formation of extracellular protease activity have been characterized. The mutants produced between approximately I and 25 yo of the protease activity of the wild type and no strains completely lacking extracellular protease were found, even after repeated mutagen treatment. Most mutants also had changed activities of extracellular staphylolytic enzyme, lipase and lecithinase. Four of 13 mutants were unable to release alkaline phosphatase and staphylolytic enzyme into the medium in contrast to the wild type. Serotype, phage type and biochemical reactions were essentially unchanged. The results indicate that some of the mutations affected the cell envelope structure or function leading to decreased ability to release extracellular proteins, and that other mutations possibly affected a common regulatory mechanism for extracellular enzymes.
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tested. The strain produced three proteases in minimal medium supplemented with yeast extract and glucose as described below. These probably corresponded to the proteases characterized by Morihara (1964) (Wretlind & Wadstrom, 1977) . It also produced extracellular staphylolytic enzyme, lipase, lecithinase, haemolysin and deoxyribonuclease (Burke & Pattee, 1967; Wretlind et a/., 1973) .
Isolation ofmutants. Mutants were obtained according to the procedure described by Meynell & Meynell (1970) using ethyl methanesulphonate as mutagen. The bacteria were plated on brain-heart infusion (BHC) agar plates containing 15% (v/v) sterile skimmed milk (Wretlind et al., 1973) to give approximately IOO colonies per plate. The plates were inspected after 14 to 16 h. The wild-type strain gave clear zones around single colonies and the mutants gave a faint white precipitate or no zone at all. Elimination of plasmid DNA (curing) was attempted using acriflavin and ultraviolet light, sodium dodecyl sulphate and growth at 44 "C according to Maliwan et al. (1974) . Characterization of mutants. The following biochemical reactions were performed to exclude the possibility that the strains isolated were contaminants and to reveal any metabolic changes: O/F test for glucose; ability to ferment xylose, mannitol, fructose, arabinose, mannose, galactose, melibiose, ribose and cellobiose ; determination of arginine dihydrolase, lysine decarboxylase, ornithine decarboxylase and oxidase activities. The reactions were read after I, 2 and 7 days. The strains were also tested for their ability to grow on minimal medium agar (Davis & Mingioli, 1950) with glucose (10 mM) as carbon source, endo agar, cetrimide agar, phenyl ethanol agar with 5 % (v/v) horse blood and deoxycholateicitrate agar (Vera & Dumoff, 1974) .
Phage typing and serotyping. Phage typing was done with a standard set of 22 P. aeruginosa bacteriophages as described by Sjoberg & Lindberg (1968) . Serotyping was by agglutination and haemagglutination using twofold dilutions of the antisera by the system of Habs (1957) .
Agar plate methods. The ability to produce various extracellular enzymes was determined on different agar plates. Positive reactions were defined as zones of activity of more than 2 mm around the streaks. Protease was assayed on BHI agar plates containing IS.% (v/v) skimmed milk, elastase on elastin agar plates, phospholipase on agar plates containing egg lecithin (5 g 1-l), staphylolytic enzyme on agar plates containing heat-killed cells of Staphylococcus aureus strain Copenhagen, deoxyribonuclease on DNAase test agar, lipase on tributyrin agar, and haemolysin on Columbia agar containing 5 % (v/v) horse blood (Wretlind et a/., 1973) . The reactions were read after 24 and 48 h incubation at 37 "C. The elastin, lecithin and staphylococcal agar plates were incubated for 5 more days at room temperature.
Cultivation techniques. For quantitative determinations of extracellular enzymes, the strains were cultivated in shaking flasks and fermenters at 37 "C. Four media were used: (i) minimal medium of Davis & Mingioli (1950) supplemented with yeast extract (2 g I-l), glucose (25 mM) and CaCI, (I m) (MYG); (ii) MYG medium supplemented with Casamino acids (10 g 1-l) (MCYG); (iii) minimal medium supplemented with tryptone (5 g 1-l), yeast extract (2.5 g 1-l) and glucose ( 5 mM) (MTYG); and (iv) phosphate-deficient medium (Torriani, 1968) . Cultures in I 1 Erlenmeyer flasks containing 100 ml medium were incubated on a rotary shaker (140 rev. min-l) for 8 h (MCYG medium) or 16 h (MYG and MTYG media). With phosphatedeficient medium, cultures were incubated in shaking zoom1 flasks containing zoml medium for 16h. Bacterial growth was estimated from the culture absorbance at 650 nm; Et&;g = 1-0 corresponded to a bacterial dry weight of 0.6 g 1-l. The strains were also cultivated in MCYG medium at constant pH (7-4) in a stirred fermenter with a working volume of I 1 (Biotec FL 101, Biotec, Stockholm, Sweden). The air flow rate was I 1 min-l and the impeller speed 500 rev. min-l. The inoculum was prepared by centrifuging (4000g, 10 min) zoo ml of an overnight culture in the same medium and resuspending the bacteria in fresh medium.
Samples for bacterial dry weight and enzyme assays were taken every hour (Arvidson, Holme & Wadstrom, 1971) . To estimate the amount of cell-bound protease and staphylolytic enzyme the strains were cultivated in flasks in MCYG medium overnight. A sample of the culture was centrifuged (4000g, 10 min), the cell pellet was washed once with sodium phosphate-buffered saline (PBS), resuspended in PBS and disintegrated in 10 ml portions by ultrasonic treatment (300 W, I min; Labsonic 1510, Braun, Melsungen, Germany).
Enzyme assays. Protease activity was determined according to the method of Kunitz (1946/1947) using heat-denaturated casein (10 g 1-l) as substrate. The extent of proteolysis was determined by reading the Ei:ozE of perchloric acid-soluble peptides. One unit of protease activity caused an increase in E~~o~~ of 1-0 in 30 min at 37 "C. Staphylolytic activity was determined by a modification of the method described by Burke & Pattee (1967), as the rate of lysis of heat-killed cells of S. aureus strain Copenhagen at 37 "C. Lyophilized whole staphylococci were suspended in 10 mM-sodium phosphate buffer pH 8-5, boiled for 10 min and diluted to E,sodn,~ = 0.8. The sample (0.1 ml) was added to 1-9 ml staphylococcal suspension and the mixture was rapidly transferred to a cuvette in a recording spectrophotometer (Zeiss PMQz) fitted with a thermostat. One unit of enzyme activity caused a decrease in E i f o z of 1.0 in I min.
Lipase activity was determined by a modification of the method described by Protease mutants of Pseudomonas aeruginosa 331 buffer pH 7-4. The sample (0.1 ml) was added, and the mixture was transferred to a cuvette in a recording spectrophotometer (Zeiss PMQ2). The linear increase in Ejfp& was measured; one unit of enzyme activity hydrolysed I pmol of substrate in I min at 25 "C. Alkaline phosphatase was assayed according to Torriani (1968) using p-nitrophenyl phosphate as the substrate. The assay was performed on culture supernatants and whole cells from cultures in phosphatedeficient medium. The pellet was suspended in 1.2 ~-Tris/HCl pH 8.2, and this suspension was used for the assay. The fraction of cell-bound activity was calculated for each mutant.
Determination of antibiotic sensitivity and generation time. Sensitivity to ampicillin, carbenicillin, cephalothin, erythromycin, tetracycline, chloramphenicol, streptomycin, gentamicin, actinomycin D and colistin was determined by the quantitative disc diffusion method recommended by Ericsson & Sherris (1971) . Antibiotic sensitivity was also determined using the Autobac I system (Pfizer Diagnostics, Groton, Connecticut, U.S.A.) described by Praglin et al. (1975) . The equipment was kindly supplied by AB Biodisk, Solna, Sweden. The generation time of the mutants was calculated from repeated determinations of the growth index in the Autobac I using a programmable computer (Monroe 1860; Litton, Orange, New Jersey, U.S.A.) (B. Wretlind and K. Karlsson, unpublished data). The growth index was defined according to Praglin e t a / .
(1 975).
Zymogram technique for identification of diferent proteases in culture supernatants. Pseudomonas aeruginosa strain PAKS-I produced three extracellular proteases which could be separated by isoelectric focusing: the isoelectric points were 8.5 (protease I). 6.6 (protease 11, elastase) and 4-5 (protease 111). The wild-type strain and the mutants were cultivated in MYG medium overnight. Protease I1 and proteasern were separated from culture supernatants by agarose gel electrophoresis (0.75 % agarose) at pH 8.6 in 0.024 M-sodium barbital buffer. The electrophoresis was run at 8 V cm-l for 30 min. An overlayer containing agarose (10 g 1-l), casein (15 g 1-l), KH2P04 (2 RIM) and CaCl, (I mM) at pH 7-4 was then applied. Protease activity resulted in opaque precipitates after I to 4 h incubation at 37 "C. Protease I was not detected under these conditions. Partially purified protease I1 and 111 were run as controls. Supernatants with low protease activities were concentrated 10 to 50 x using a Minicon B15 microconcentrator (Amicon, Lexington, Massachusetts, U.S.A.) so that activities of 20 to 40 u. ml-l were obtained. 
RESULTS

Isolation of mutants
Protease-deficient mutants were obtained at a frequency of approximately I O -~ after treatment of strain PAKS-I with ethyl methanesulphonate. In total, 10 mutants were isolated, designated PAKS-I I, PAKS-14 to PAKS-20, PAKS-22, and PAKS-23. One spontaneous mutant (PAKS-10) was isolated from an agar plate stored for a few weeks at 4 "C. Further attempts to isolate spontaneous mutants were unsuccessful. One mutant (PAKS-3 I), selected for loss of extracellular lecithinase on lecithin agar plates, shared several properties with the protease mutants and is described with these strains. PAKS-41 was a chloramphenicol-resistant mutant that was protease-deficient ; the chloramphenicol resistance was unstable but the strain retained its protease deficiency. Treatment of strain PAKS-I with acriflavin and ultraviolet light, with sodium dodecyl sulphate and by growth at 44 "C did not produce proteasedeficient progeny.
Characterization of protease mutants Protease-deficient mutants gave a faint precipitate or no zone at all round isolated colonies after 14 to 16 h incubation on agar plates containing skimmed milk. However, all mutants produced a clear zone of proteolysis around areas of confluent growth indicating a low residual protease activity. The mutants were cultivated in different media and the formation of extracellular protease, lipase and staphylolytic enzyme was compared with the wild-type strain. DNAase, haemolysin and lecithinase were estimated using agar plate methods, since w w N Table I .
Phenotypic properties of Pseudomonus aeruginosa strain PAKS-I and its extracellular protea,se-deJicient mutants
Protease activity was measured after growth in MCYG medium in a fermenter, staphylolytic activity after growth in MTYG medium with shaking and lipase activity after growth in MYG medium with shaking. Elastase activity was estimated from agar plate assays and agarose gel electrophoresis, and lecithinase activity from agar plate assays. +, zone detected only at the end of the incubation period (7 days Protease mutants of Pseudomonas aeruginosa 333 these products were not formed in the broth media in detectable amounts (Liu, 1964) . The formation of DNAase and haemolysin was not affected in the mutants.
The results of the cultivation experiments are shown in Table I . After 6 to 8 h growth, the dry weight of PAKS-I in the fermenter was 1.6 g 1-1 and all but two mutants had dry weights in the range 0.95 to 2.4 g 1-l. Two mutants gave higher yields, probably due to the formation of cell-bound slime under these conditions. However, growth was similar to that of the wild-type strain in three different media as judged by the E;!?: of the culture when these strains were cultivated in shaking flasks. The protease activity of the mutants varied from approximately I to 25 % of the activity of the wild-type strain in flasks and fermenters.
The values varied depending on experimental conditions, but mutants with a low production of protease never produced more than 10% of the activity of the wild type, and mutants with a comparatively high production of protease retained that property in different media. All of the mutants except one (PAKS-17) produced protease I1 (elastase) as judged by the results from the elastin agar plates and agarose gel electrophoresis. Most mutants also had decreased activities of other extracellular enzymes. However, there seemed to be no correlation between the extracellular activities of staphylolytic enzyme, lipase and lecithinase. Determination of protease and staphylolytic activity in disintegrated cells revealed a significant cell-bound protease activity [5 u. (mg dry wt)-l] in the cell envelope or cytoplasm of strain PAKS-20 in contrast to PAKS-I and the other mutants which had less than I u. (mg dry wt)-l. With strains PAKS-14, PAKS-16, PAKS-18 and PAKS-31 more than 70 % of the total staphylolytic activity was cell-bound. The total staphylolytic activity of these strains was approximately equal to that of PAKS-I (Table I) .
All mutants were able to grow in phosphate-deficient medium and to produce alkaline phosphatase in approximately the same amounts. The wild type and eight of the mutants released the phosphatase and less than 30% of the total activity remained cell-bound. In five mutants more than 70% of the total activity was cell-bound and they were apparently unable to release the enzyme.
Two mutants, PAKS-18 and PAKS-19, were treated with ethyl methanesulphonate and plated on agar containing skimmed milk in an attempt to detect mutants with complete loss of extracellular protease activity. No such mutants were found among a total of 50000 screened colonies, but a few mutants were found which seemed to produce less protease than PAKS-18 and PAKS-19. These mutants were not characterized further.
Strain PAKS-I and all its mutants showed the same biochemical reactions, typical of strains of P. aeruginosa (Hugh & Gilardi, 1974) . All mutants were able to grow on plates containing minimal medium agar, endo agar, deoxycholate/citrate agar, cetrimide agar and phenyl ethanol agar.
Serotyping according to Habs (1957) showed that the wild type was agglutinated by seven antisera but gave the strongest agglutination by antiserum against serotype 9. This pattern was retained by all but two mutants: PAKS-19 which was agglutinated by five antisera, and PAKS-20 which was non-agglutinable. The latter strain also had an altered phage type.
Antibiotic sensitivity testing by the disc diffusion method showed that mutant PAKS-I I was more sensitive to some antibiotics than the wild type. The zone diameter around a streptomycin disc (30 pg) was 28 mm (wild type 16 mm), around gentamicin (30 pg) 38 mm (wild type 22 mm) and around colistin (30 pg) 25 mm (wild type 19 mm). Sensitivity to ampicillin, carbenicillin, tetracycline and chloramphenicol was not significantly changed. Strain PAKS-15 was more resistant to carbenicillin than the wild type (zone diameter around a IOO pg carbenicillin disc 12 mm, wild type 16 mm). Antibiotic sensitivity testing with Autobac showed that PAKS-15 was resistant to 160 pg carbenicillin ml-l, whereas the wild type was sensitive. Strains PAKS-19 and PAKS-20 were sensitive to 160 pg ampicillin ml-l in the Autobac system (wild type resistant). No other significant changes were observed. The generation times of the mutants were similar to that of the wild type (33 min), except for three strains: PAKS-19 (41 min), P A K S -~~ (49 min) and PAKS-23 (42 min). 
DISCUSSION
The phenotypic properties of protease deficient mutants of P. aeruginosa are shown in Table I . All strains had extracellular protease activity, and the positive reactions on elastin agar plates and agarose gel electrophoresis revealed that at least a part of the protease activity was due to protease I1 (elastase). Another source of extracellular protease activity might have been leakage of intracellular proteases from strains lacking the common extracellular proteases as has been described for mutants of Arthrobacter (Rudin & v. Hofsten, 1974) but we have no evidence for this mechanism among the mutants described here. We have not been able to produce mutants completely lacking extracellular protease even after repeated treatment with mutagen. All mutants show pleiotropic changes of activities of other extracellular proteins. This has also been described for mutants of Staphylococcus aureus and Serratia marcescens (Forsgren et al., 1971; Omenn & Friedman, 1970 ; Wadstrom, 1973; Yoshikawa et al., 1974; Winkler & Timmis, 1973) . A common regulatory mechanism in the synthesis or release of these proteins has been assumed by most authors, but Altenbern (1975) obtained mutants of S. aureus hyperproducing enterotoxin B and alpha haemolysin by selecting for membrane mutations.
In contrast to strain PAKS-I, five of the mutants did not release alkaline phosphatase into the medium, and four of these strains did not release staphylolytic enzyme. Alkaline phosphatase is an envelope-associated (periplasmic) enzyme (Cheng, Ingram & Costerton, I 971) . Staphylolytic enzyme is probably also envelope-associated (B. Wretlind, unpublished data), but it is not known whether the proteases or lipase belong to this group of proteins or are actively excreted, i.e. truly extracellular. The inability to release wall-associated enzymes indicates that a mutation affecting the envelope structure or function is the basis for the observed changes in phenotypic properties in these five mutants. For the remaining strains there are no data indicating such mutations, and it seems reasonable to assume the existence of an altered common regulatory mechanism for extracellular enzymes. The selection procedure used in this study would probably favour pleiotropic mutations, since PAKS-I produced three proteases with different isoelectric points and substrate specificities, and mutants with loss of a single enzyme might still produce zones on milk agar plates and remain undiscovered. It might be possible to find elastase-negative mutants with unchanged production of other extracellular enzymes by selection on elastin agar plates. However, such plates have a very low sensitivity and require a prolonged incubation which make them unsuitable for such experiments. The single mutant selected for loss of lecithinase (PAKS-3 I) showed pleiotropic changes, and it is apparently easier to isolate such mutants than mutants with loss of a single enzyme.
Some of the protein A-deficient mutants of S. aureus described by Forsgren et al. (1971) showed changes in the phage typing pattern and fermentation of mannitol. However, all PAKS-I mutants showed identical biochemical reactions, and phage type and serotype were essentially unchanged except for PAKS-20.
The genetic information for the synthesis of extracellular enzymes in P. aeruginosa might be located on plasmids as described for haemolysin and enterotoxin of Escherichia coli (So et dl., 1975) . Attempts to eliminate the extracellular protease activity by various curing procedures were unsuccessful, and analysis of DNA by ultracentrifugation in sucrose density gradients failed to reveal plasmid DNA in strain PAKS-I (L. Hedkn and B. Wretlind, unpublished data). The phenotypic variability of the protease-deficient mutants suggests that more than one locus may be involved, and genetic mapping of protease-deficient mutants of P. aeruginosa strain PAO have shown at least three chromosomal loci (B. Wretlind, unpublished data).
